Figure 1. Connectivity and Synaptogenesis in Wild-Type and Mutant Embryos
In all panels, dorsal is uppermost and anterior to the left. Columns show wild-type (A-E), mbc (A'-E'), mef2 (A''-E''), and twist (A''', E''') embryos, stained with antibodies against Vestigial (Vg) and FasII (A-A'''), Connectin (Con) (B-B''), Vg and FasIII (C-C''), and Synaptotagmin (Syt) (E-E'''). (D) diagrams the layout of nerves and muscles in an abdominal hemisegment and shows distribution of marker expression within muscles: Vestigial (medium grey; Bate et al., 1993) ; Connectin (heavier grey; Nose et al., 1992; Meadows et al., 1994) ; FasIII (dark grey; Halpern et al., 1991) . TN, ISN, SN: transverse, intersegmental, and segmental nerves, respectively (according to Goodman and Doe, 1993) . Upper three rows show nerve connections at stage 16 (arrowheads) formed with the dorsal muscles/muscle-like cells DA2 and DA3 (A-A''), the lateral muscles/muscle-like cells LT1-4 and VL2 (B-B''), and the ventral muscles/muscle-like cells VL3 and VL4 (C-C''). Muscles/muscle-like cells are correctly innervated according to the following criteria: DA1-3 and LL1 innervated by FasII-positive axons from IS; DT1 by Connectinexpressing axon from IS; LT1-4 by Connectin-positive axons from SNa; VL1 by FasII-positive axon from SNb; VL2-4 by FasIII-positive axons from SNb; VA1-3 by Connectin-positive axons from SNc. (A''') shows FasII-stained peripheral nerves (arrowed) in twist mutant embryo. (E-E''') show synaptic structures at late stage 17 (arrowheads); dots of Synaptotagmin staining are visible along nerves (arrowed) in all three mutants. Asterisks, where shown, indicate the CNS, open arrowheads, muscle attachments. Scale bar, 15 m. target cell; second, the differentiation of properties muscle and neuron, the junction is identical in size and appearance to larval synapses in Drosophila ( Figure 2A ) within postsynaptic muscle that are required for formation of synapses and localization of active zones at sites (Seecof et al., 1972; Atwood et al., 1993; Jia et al., 1993; . At these synapses, pre-and postof synaptic contact.
synaptic membranes appear electron dense over a stretch of several hundred nm and are separated by a very regular cleft of 15 nm. The cleft contains electronResults opaque material, which is strikingly periodic in structure ( Figure 2A ) and may be a postsynaptic component, since The Neuromuscular System it is closely associated with the postsynaptic membrane.
in the Drosophila Embryo
Presynaptic densities (T-bars) can be seen, which are Motor axons in Drosophila embryos can be detected composed of a stem, about 50 nm in height, separated by antibodies against the cell adhesion protein FasII from a bar-like roof by a very narrow gap. Clear synaptic (VanVactor et al., 1993) , which reveal a pattern of two vesicles (40-50 nm in diameter) are concentrated and main nerve branches, the segmental and the interdocked at T-bars, and these sites are believed to be segmental nerve, from which motor axons defascicucomparable with active zones of vertebrate NMJs (Broalate to innervate their target muscles (Figure 1 ). At late die et al., 1995; Stewart et al., 1996) . stage 17 (Campos-Ortega and Hartenstein, 1985) , these Active zones with T-bars and clustered and docked sites of neuromuscular contact can be labeled with an vesicles not only form at the neuron-muscle interface, antibody against the vesicle-associated protein Synapbut can also be found at other points on axons of mototagmin (Littleton et al., 1993) , revealing synaptic varitorneurons (data not shown). They can appear either in cosities, called boutons, which are arranged in characthe absence of any postsynaptic cell, separated from teristic numbers and patterns on individual muscles the hemolymph only by a basement membrane (referred (Broadie and Bate, 1993c; Figure 1 ). Ultrastructurally, to as neurohemal active zones). Comparable structures presynaptic boutons are covered by basement memhave been found in the locust neurohemal organ (Binnbrane on one side and closely attached to the muscle on the other, and in the area of close apposition between ington and Lane, 1982). Or, alternatively, active zones can be found at close contacts with other neurons (neuFormation of Presynaptic Active Zones Does Not Require Target Muscles roneural active zones). However, comprehensive analyses of serial-sectioned wild-type embryos (see ExperiPreviously, we showed that postsynaptic clustering of glutamate receptors at the embryonic NMJ of Drosophmental Procedures) reveal that these neuroneural and neurohemal active zones represent only 11% of all acila is dependent on innervation by the presynaptic motorneuron (Broadie and Bate, 1993b). Here, we test the tive zones in the wild type, and the majority of active zones are located at NMJs (Figure 3) . extent to which presynaptic differentiation, for example, sheathing nerves, and some of unknown identity). Interestingly, all active zones away from neuromuscular contacts, mutant and wild type, have a clear tendency to lie in axonal swellings with diameters resembling or exceeding those of neuromuscular boutons in wild type (Figure 3 ). It may be that motorneurons form boutons completely independently of their target muscles and that these boutons are fundamental synaptic units within which active zones can form (see Discussion). Thus, postsynaptic target muscles are not required for the outgrowth of presynaptic motor axons into the periphery, nor are they required to induce the expression of genes coding for the components of active zones or for the assembly of active zones themselves. Synthesis of the active zone appears to be an independent function of the presynaptic motorneuron, which is integrated into the development of the neuromuscular synapse.
Functional Synapses Can Form in the Absence of Myoblast Fusion
Although presynaptic development in motorneurons appears to be largely independent of the target muscle, we wished to investigate the possibility that establish- formed and these cells later elongate, make epidermal contacts, and express products typical of differentiated muscles such as Myosin and the ␣PS2 Integrin (see the formation of neuromuscular active zones, depends on the presence of a fully differentiated postsynaptic Figure 1 ; unpublished data; Rushton et al., 1995) . In mature mbc mutant embryos (late stage 17), elongated partner. First, we analyzed the structure of motorneurons in twist mutant embryos in which mesoderm, and muscle cells are clearly visible, and ultrastructurally these cells contain normally arranged myofilaments and hence the muscles, are never formed (Simpson, 1983; Nü sslein-Volhard et al., 1984) .
form contacts with the epidermis that are indistinguishable from the muscle attachment sites in wild type. Thus, Anti-FasII staining reveals that in twist mutant embryos motor axons grow out of the CNS, even though it is general muscle characteristics develop normally in mbc mutant embryos and, despite the lack of fusion, founder drastically malformed (see Figure 1 ). In each hemisegment, the nerves form a major dorsally projecting branch cells appear to develop into differentiated mononucleate muscles (Rushton et al., 1995) . (probably representing the intersegmental nerve), and, in 39% of cases, a minor laterally projecting branch
In normal embryos, subsets of muscles and their founder cells express nuclear proteins such as Vestigial (probably the equivalent of the segmental nerve). As in wild type (Nose et al., 1992) , both branches contain and S59 (Dohrmann et al., 1990; Bate et al., 1993) . In mbc mutant embryos, unfused founder cells also exsubsets of Connectin-positive axons (data not shown). In most cases, the axons stay close together until the press these proteins and do so at appropriate positions in the overall pattern (Rushton et al., 1995) . In addition, branch opens up at its dorsalmost tip, where there is some short range defasciculation (see Figure 1) . the founders express cell-surface proteins such as Connectin and FasIII, and are contacted by the terminals of Interestingly, spots of anti-Synaptotagmin staining are detected all along the nerves or in clusters close to appropriate motorneurons (see Figure 1 ) (our unpublished data; Rushton et al., 1995) . Thus, while developthe main nerve trunk (see Figure 1 ). Closer inspection of these peripheral axons at the ultrastructural level reveals ment of syncytial muscles is blocked, mononucleate muscles differentiate with the specific characteristics of that they are fully capable of forming apparently normal active zones (see Figures 2 and 3) . In a rough calculation, individual muscles in the normal pattern, and these cells are targeted by axons of their proper presynaptic mothe density of peripheral active zones per section is 0.45 in twi mutant embryos, comparable with 0.51 in wild torneurons.
We used this situation to ask whether a fully differentitype. These active zones are neurohemal, neuroneural, or at sites of contact with other cells (some glial, i.e., ated NMJ could develop in the absence of myoblast muscles in mbc mutant embryos have reliable EJCs, although the amplitude of these EJCs is reduced to a tenth of that typical of a wild-type muscle (Figure 4) . In some cases, the EJCs have a second peak, which may represent the double innervation of the mononucleate muscles, which is characteristic of the muscles VL3 and 4 in larvae and late wild-type embryos (Figure 4 ) (Jan and Jan, 1976; Broadie and Bate, 1993a) . A further indication of functional NMJs in mbc mutant embryos is the fact that the mature embryos clearly twitch when they are mechanically removed from the egg case at the normal time of hatching. In the light microscope, Synaptotagmin-labeled boutons are clearly detectable on mononucleate muscles in mbc mutant embryos. However, there are far fewer than on comparable muscles in wild-type embryos, suggesting that the much smaller EJCs we observed are a result of the much smaller size of the NMJ (see Figure  1 ; Figure 5 ) and reflect a correlation between synaptic size and synaptic strength (Bailey and Kandel, 1993; Lisman and Harris, 1993) rather than any impaired transmission at the synapse. Even though the muscle cells of mbc embryos are much smaller than in the wild type, most of the muscle surface, as in the wild type, is still not covered by synaptic contacts. However, in mbc mutant embryos, spots of Synaptotagmin staining appear in areas of nerve branches that are not in contact with tons, which is related to their size. Clearly, motorneurons innervating the smaller mononucleate muscles in mbc fusion. Our analyses show that functional synapses demutant embryos fail to regulate the number of active velop on the mononucleate muscles of mbc mutant emzones to match the available muscle surface, so that bryos. Ultrastructurally, the neuromuscular contacts in there is a large number of nonattached sites, which these embryos form synapses with vesicle clusters, appear as neurohemal active zones adjacent to the mus-T-bars, a stretch of smooth electron dense pre-and cle. This situation remains unchanged as the embryos postsynaptic membranes, and a synaptic cleft, 15 nm age. Thus, 24 hr after the normal hatching time, the wide, containing electron-dense extracellular matrix motorneurons still have a preponderance of neurohemal (see Figure 2) . Thus, in all respects, the ultrastructure active zones over a much smaller number of motorneuof the neuromuscular synapses, which form in the abronal active zones (data not shown). sence of mbc function, is identical to the wild type.
To test the properties of these synapses electrophysiologically, we made patch-clamp recordings from musLocalization of Active Zones Requires Differentiated Muscle cles VL3 and 4 in wild type and from the longitudinal mononucleate muscles at the equivalent positions in Having found that NMJs can form on founder cells in the absence of fusion, we analyzed the NMJ in mef2 mbc mutant embryos (Figure 4) . Excitatory junctional currents (EJCs) were measured in response to suctionmutant embryos, where failure to fuse is part of a more profound phenotype affecting muscle differentiation. As electrode stimulation of the motor nerve. Mononucleate Upper panels: stage 16. Motor axons (Mn) contact muscles (M) via growth cones (Gc). The muscles are multinucleate or mononucleate and in contact with the epidermis (Ep). Lower panels: late stage 17. In wild type, muscles, tendon cells (T), and NMJs are fully differentiated, and a basement membrane (grey line) has formed. In mbc mutant embryos, NMJs differentiate normally, but half the active zones are in axonal swellings not attached to muscle. In the absence of mef2 function, general muscle properties represented by myofilaments and myotendinous junctions are poorly differentiated and NMJs are not formed. In twist mutant embryos, motor axons defasciculate poorly and active zones form in axonal swellings within nerve bundles.
in mbc mutant embryos, the pattern of muscle founder function and attract the correct motor axons, general aspects of muscle differentiation, such as myoblast fucells is largely normal in the absence of mef2 function (Bour et al., 1995; Ranganayakulu et al., 1995) . However, sion, ␤3-Tubulin, and Myosin expression, are severely affected (Bour et al., 1995; Ranganayakulu et al., 1995) . these cells never differentiate to form mononucleate muscles as they do in mbc mutant embryos. Therefore, At stage 16, only a dorsal row of cells (and occasional ventral ones) shows some signs of differentiation. These we set out to test the requirement for mef2-dependent muscle differentiation in presynaptic development of the Myosin-positive stretched cells can still be seen in mature embryos (data not shown); however, ultrastructural NMJ. First, we repeated the observations previously made for mbc, to find out whether in mef2 mutant emanalyses of such cells at late stage 17 show that differentiation of myofilaments and muscle attachments is bryos founder cells are contacted by appropriate presynaptic motorneurons.
scarce and incomplete. Thus, general features of differentiated muscle are deranged or missing in mef2 mutant In mef2 mutant embryos, the Connectin-positive founder cells are usually present (see Figure 1) , and the embryos. Having established that founder cells are contacted by motor axons in mef2 mutant embryos, we only reproducible change in the Connectin expression pattern is a doubling of the most dorsal Connectin-posicould now ask whether, as in mbc, normal neuromuscular synapses can form, or whether there are mef2-tive cell in each hemisegment. The proper number of Vestigial-positive (two of them also FasIII-positive) dependent properties missing from these embryos that are required for the assembly of a synapse. founder cells is not always detectable (present: 20% VL1-4, 50% LL1, 16% DA3, 90% DA2, and 40% DA1; Antibody staining reveals Synaptotagmin-positive varicosities in nerve bundles or on axons throughout n ϭ at least 80 hemisegments). However, each of these cells can form, allowing their innervation to be investithe segment in mef2 mutant embryos (see Figure 1E) , and ultrastructural analysis indicates that active zones gated (see Figure 1) . Analyses of the Connectin-, Vestigial-, or FasIII-expressing founder cells show that target are present at frequencies comparable with wild type (mef2 0.48 and wild-type 0.51 active zones per section). recognition takes place in the absence of mef2 function, and motorneurons that establish contact are always atOf 151 active zones found in mef2 mutant embryos, 30 were within a range of 2 m of cells with myofilaments; tracted by the correct founder cells, as judged by the branch pattern of innervation and the expression of the however, all of them were neurohemal, neuroneural, or onto glial cells (see Figures 2 and 3) . Even in the two axonal markers FasIII and Connectin (see Figure 1 ; establishment of neuromuscular contact: 100% of LL1, cases where active zones were located at a neuromuscular contact that was free of basement membrane, the DA2, and all Connectin-positive founder cells; 85% of VL1-4; 54% of DA3; but only 20% of DA1; n ϭ at least pre-and postsynaptic membranes failed to form the tight apposition that is typical of synapses, and in no 80 hemisegments). There is no evidence of motor axons contacting any myoblasts other than those that become case did we see evidence of the regularly periodic cleft material (see Figure 2) . Thus, normal neuromuscular founders. These observations show that mef2-dependent muscle differentiation is not required for target synapses are wholly absent in mef2 mutant embryos, and the distribution of active zones in mef2 resembles recognition by motorneurons.
Although muscles are founded in the absence of mef2 that of twist mutant embryos.
In summary, connections between motorneurons and review, see Hall and Sanes, 1993) . Presynaptic motorneurons in vertebrates are capable of releasing transmuscles are formed in the absence of mef2 function, but further differentiation of these contacts into mature mitter in the absence of target cells, but whether this represents the presence of fully differentiated active NMJs fails. The development of normal synaptic contacts with localized active zones appears to depend on zones in these axons is unclear (Hume et al., 1983; Young and Poo, 1983) . properties of differentiating muscles that are absent in mef2 mutant embryos.
The finding that presynaptic active zones can form independently of target cell contact has implications for the investigation and interpretation of NMJ formation Discussion in Drosophila. It suggests the existence of unknown muscle-independent mechanisms that trigger initiation Mutations Affecting Muscle Development of active zone formation. Presynaptic transmitter reUncover Mechanisms Needed for lease onto motorneurons is unlikely to be this trigger, Presynaptic Differentiation as previous studies have shown that proper active zones The formation of the NMJ depends on an interplay becan form even in syntaxin mutant embryos, where transtween the specific properties of pre-and postsynaptic mitter release onto motorneurons is apparently blocked cells, as well as on general characteristics of neural and . It could be that other cell interacmuscle lineages. Thus, in Drosophila, highly specific tions with motorneurons are required for formation of contacts are formed between individual motorneurons active zones, or that motorneurons simply follow a celland their target muscles (Goodman and Doe, 1993; Bate autonomous program. and Broadie, 1995) . Each neuron, however, makes the In addition, our data suggest the existence of muscleelements of the machinery for releasing the neurotransindependent mechanisms that allow the assembly of mitter, glutamate, just as each muscle synthesizes a individual components into an ultrastructurally normal field of postsynaptic glutamate receptors (Keshishian active zone. Ectopic active zones have normal T-bars, et al., 1996) . clustered vesicles, and often vesicles that appear As in vertebrates, the initial assembly of the transmitdocked (data not shown; see . Cysteter receptors is largely autonomous to the muscle, but ine-string protein (Zinsmaier et al., 1990 ; data not shown) concentration of these receptors to the synaptic site and Synaptotagmin (Figure 1) are also localized at ecdepends on an interaction with the presynaptic motopic active zones, and it could well be that these active torneuron (Broadie and Bate, 1993b; Hall and Sanes, zones are capable of transmitter release. This muscle-1993; Currie et al., 1995) . Here, we have extended our independent formation of active zones might either be analysis of synaptogenesis to investigate the synthesis analogous to a process of self-assembly, independent and localization of the presynaptic machinery of neuroof any signal, or it could be elicited by a regulatory signal transmitter release. Our investigations take advantage provided by the motorneuron. During normal synapse of the fact that pre-and postsynaptic partners at the formation, the target muscle is required to localize either NMJ originate from different tissues, the development the assembly signal or the already formed or forming of which requires different sets of genes (Bate, 1993;  active zone at sites of synaptic contact. Goodman and Doe, 1993) . Thus, we can use mutations Interestingly, active zones tend to form in axonal specifically affecting muscle development to investigate swellings (Figure 3 ). Either the formation of active zones the role of postsynaptic cells in regulating the differentiinduces such swellings or their assembly takes place in ation of their presynaptic partners. An advantage of this axonal areas that swell owing to independent mechaapproach is that differentiating motorneurons are faced nisms. In mbc and, to a slightly lesser extent, in mef2 with a uniformly defective muscle field within which to mutant embryos, such active zone-bearing varicosities form synaptic contacts. We have been able to show that tend to lie in defasciculated areas of the axon, sugwhile formation of presynaptic active zones is autonogesting that swellings may form preferentially at the mous to motorneurons, proper localization of these tip of the axon, where growth cones would normally zones absolutely requires the presence of a differentidifferentiate to form the presynaptic structures of the ated muscle fiber.
NMJs (Hall and Sanes, 1993; Broadie and Bate, 1993a) . Thus, even when no proper neuromuscular contact is Presynaptic Active Zones Form established, it might be that the growth cones can still in the Absence of Muscles differentiate into synaptic branches and swellings, bearThe starting point for this investigation is the demonstraing active zones. More detailed analyses of the architection that ultrastructurally normal active zones are formed ture of unattached motor axons in mutant embryos will by the axons of motorneurons in twist mutant embryos.
give further insights into the development of presynaptic This demonstrates that induction and assembly of active terminals. zones is independent of target cells. This apparent autonomy in the development of active zones is reminis-NMJ Formation Requires Differentiation cent of the development of the postsynaptic site in of Target Muscles Drosophila, where functional glutamate receptors are By using mutations that specifically interfere with differexpressed independently of innervation (Broadie and ent aspects of muscle differentiation, we can show that Bate, 1993a Bate, , 1993b Currie et al., 1995) , or in vertebrates, there are muscle properties that are absolutely required where myotubes can act autonomously to assemble a for the normal development of the presynaptic site at the NMJ. For this, we used the different characteristics structure that resembles the postsynaptic apparatus (for of the mbc and mef2 mutations that reflect the separate We have not yet identified the particular mef2-dependent feature(s) of the postsynaptic cell that are required requirements for these two genes and their products in the myogenic lineage. Both genes are clearly required for normal differentiation of the presynaptic terminal. It could be that the muscle secretes signals that influence for myoblast fusion, but not for the acquisition of muscle-specific characteristics such as appropriate innervathe behavior of its presynaptic partner, or that there is a mechanical requirement for factors that prevent the tion. However, mef2 is also required for the further differentiation of the myogenic lineage. Clearly, neither mbc ingrowth of basement membrane into the synaptic cleft or for transmembrane or extracellular components that nor mef2 is required for initiating the muscle pattern (a normal arrangement of founder cells forms in both); both promote and maintain neuromuscular adhesion. It is known that factors required for the alignment of presynare required for fusion of myoblasts, but only mef2 is required for the development of general muscle properaptic active zones are located in the basement membrane at the cholinergic NMJ in vertebrates (Sanes et ties. It is this distinction that enables us to show that there are general characteristics of muscle cells that are al., 1978), and one of these components, s-Laminin, has been identified and shown to be muscle derived (Noakes required for the normal differentiation of the presynaptic site at the NMJ. et al., 1995) . Although the postsynaptic cell regulates the localizaThe mbc mutant phenotype reveals that myoblast fusion is not required for the formation of a neuromuscular tion of presynaptic active zones, our experiments suggest that it does not regulate their number. Thus, the synapse. The mef2 mutant phenotype shows us that further muscle properties depending on mef2 function number of active zones in wild type, twist, mbc, and mef2 is always comparable (see legend for Figure 3 ). are essential if a neuromuscular synapse is to form. Thus, mef2 mutant embryos allow target recognition, as
The fact that occasional neuroneural and neurohemal release sites are found in wild-type as well as mutant an early process of NMJ formation, to be separated genetically from the later process of NMJ differentiation.
embryos suggests that the muscle surface that is available for the localization of active zones within presynapmef2 is not expressed in presynaptic motorneurons (there is no expression in the ventral nerve cord, altic boutons is limited and that these ectopic sites may simply be a consequence of the normal process of though there is some expression in the brain; Schulz et al., 1996) , but is strongly expressed in the postsynaptic matching the relatively independent capacity of the motorneuron to assemble active zones with the capacity cells, the muscles (Taylor, 1995) . This suggests that the requirement for mef2 in the differentiation of presynaptic of the muscle to accomodate them. This view is reinforced by the fact that in mbc mutant embryos, the terminals is an indirect one mediated by the normal development of mef2-dependent characteristics in the overall number of active zones formed by the motorneurons is unaffected, although the capacity of the monomuscles. The competence of motorneurons themselves is reflected by the fact that in mef2 mutant embryos, nucleate muscles to synthesize whatever properties are required for accomodating presynaptic active zones is apparently normal synapses can form between peripheral axons, characterized by tight synaptic clefts, filled greatly reduced in comparison with their multinucleate counterparts in wild-type embryos. This reduction prewith extracellular material, reminiscent of the structure of neuroneural synapses seen in the wild-type CNS sumably reflects the fact that each fusing myoblast contributes proportionately to the total muscle protein. (Shaw and Meinertzhagen, 1986; Burrows et al., 1989) .
The assembly of the NMJ is one of a spectrum of Thus, the differentiation of the presynaptic terminal at the NMJ in Drosophila depends on a process that properties of differentiating muscle that are under the control of mef2, including the expression of ␤3-Tubulin, integrates the development of muscles and motorneurons by targeting active zones formed by the motorneumuscle Myosin, and ␣PS2 Integrin as well as the interaction of muscles with epidermal cells to form normal musrons to the muscle surface. We can identify this as a mef2-dependent muscle-mediated process because of cle attachment sites (Bour et al., 1995; Ranganayakulu et al., 1995) . Like the formation of muscle attachment its characteristic ultrastructural and immunocytochemical phenotype. However, it is likely that many, perhaps sites, assembly of the NMJ is an interactive process between two cell types, involving the coordinate expresall, of the features that are specific to the postynaptic side of the junction also fail to develop in these embryos. sion and localization of a number of different components, including elements of the cytoskeleton, together
The fact that these too are mef2-dependent properties should facilitate their identification and analysis in the with membrane-bound or membrane-associated proteins (Hall and Sanes, 1993) . Our electron micrographs future. show that in mef2 mutant embryos, there is a general Experimental Procedures failure to form a close association between motorneuron and muscle, a failure to localize the presynaptic active
Mutant Stocks
zone, and a failure in the assembly of at least one characmbc C1 and mbc C2 appear to be null alleles of the myoblast city locus teristic and possibly postsynaptic structure, the typically (Rushton et al., 1995) . We used mutant alleles of the mef2 gene, periodic electron-opaque material found in the synaptic which were reported to be protein nulls: in Df(2R)P544, part of the cleft of the normal NMJ. Using the markers for muscles mef2 gene is deleted (courtesy of R. A. Schulz; Lilly et al., 1995; Ranganayakulu et al., 1995) torneurons making contact with inappropriate targets.
